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ABSTRACT The interaction of melittin with monolayers of 1 ,2-dipalmitoylphosphatidylcholine and 1 ,2-dipalmitoylphosphati-
dylserine has been investigated with infrared external reflection-absorption spectroscopy. Improved instrumentation permits
determination of acyl chain conformation and peptide secondary structure in situ at the air/water interface. The IR frequency
of the 1,2-dipalmitoylphosphatidylcholine antisymmetric acyl chain CH2 stretching vibration decreases by 1.3 cm-1 upon
melittin insertion, consistent with acyl chain ordering, whereas the same vibrational mode increases by 0.5 cm-1 upon
peptide interaction with the 1,2-dipalmitoylphosphatidylserine monolayer, indicative of chain disordering. Thus the peptide
interacts quite differently with zwitterionic compared with negatively charged monolayer surfaces. Melittin in the monolayer
adopted a secondary structure with an amide 1(1') frequency (1635 cm-1) dramatically different from the a-helical motif (amide
I frequency 1656 cm-1 in a dry or H20 hydrated environment, amide I' frequency 1645 cm-1 in an H->D exchanged a-helix)
assumed in bilayer or multibilayer environments. This work represents the first direct in situ spectroscopic indication that
peptide secondary structure in lipid monolayers may differ from that in bilayers.
INTRODUCTION
Melittin, the main component of bee venom (50% of its dry
weight), is a cationic, amphiphilic, 26-amino acid peptide,
widely employed as a paradigm for protein-lipid interaction.
The peptide serves as a model for ion channel-forming
proteins as it is found to induce voltage-dependent ion
conductance (Smith et al., 1994). Melittin also induces
many membrane-based phenomena, including cell lysis,
fusion, and the activation of phospholipase A2 and adeny-
late cyclase (Okada et al., 1994).
An understanding of the method of action of melittin in a
lipidic environment requires the determination of its con-
formation, aggregation state, location, and orientation
within the bilayer. Many spectroscopic studies of the struc-
ture of melittin in membranes suggest that the peptide
adopts a predominantly a-helical secondary structure, with
an interruption of same around residues 11-12 due to the
presence of Pro-14 as a helix breaker (Dempsey, 1990, and
references therein). Although a clear consensus does not
exist, infrared (IR) spectroscopic studies have generally
been consistent with the idea that under conditions of low
hydration the helical portion of melittin is perpendicular to
the bilayer plane, whereas under conditions of high hydra-
tion it is parallel (Vogel et al., 1983; Brauner et al., 1987;
Frey and Tamm, 1991). In contrast, NMR investigations of
Smith et al. (1994) suggest a transmembrane orientation of
the helical portions of melittin in a hydrated system.
Whether melittin interacts with lipid bilayers as a monomer
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or a tetramer depends upon the peptide-lipid ratio and the
peptide environment (Hermetter and Lakowicz, 1986;
Dempsey, 1990; John and Jahnig, 1991; Weaver et al.,
1992; Okada et al., 1994). The peptide induces a change in
lipid headgroup conformation, possibly leading to a volume
expansion in the surface region (Smith et al., 1992; Demp-
sey, 1990; Dufourc et al., 1986). This expansion can be
accommodated by lipids through an increase in acyl chain
disorder.
Along with its interaction with lipid bilayers, melittin has
strong surface activity at the A/W interface, resulting in
stable monolayers (Birdi et al., 1983). Birdi and Gevod
(1987) employed surface pressure (11) and surface potential
measurements to compare the interactions of melittin with
anionic versus cationic surfactants. Stronger interactions
were found with the anionic monolayer, a consequence of
the six positive charges possessed by the peptide. Ohki et al.
(1994) conducted adsorption experiments with egg phos-
phatidylcholine (PC) and bovine brain phosphatidylserine
(PS) monolayers. In contrast to prior results, they observed
greater changes in pressure for the PC monolayer upon
melittin adsorption compared with PS, possibly because of
the presence of unsaturated acyl chains. In conjunction with
vesicle electrophoretic mobility, leakage, and fusion stud-
ies, they proposed that the electrostatic interaction between
PS and melittin prevents peptide insertion into the hydro-
phobic portion of the lipid, whereas the zwitterionic PC
permits greater access of the peptide to the hydrophobic
core, thereby promoting insertion.
Ebara and Okahata (1993) studied the adsorption of
melittin to fully saturated acyl chain phosphatidylethano-
lamine monolayers at initial surface pressures of 10 and 40
mN/m. Through changes in wr and by the use of a quartz-
crystal microbalance, their results indicate that melittin
insertion occurs at 10 mN/m and that only adsorption to the
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monolayer occurs at 40 mN/m. Sui et al. (1994) combined
changes in surface pressure for monolayers and circular
dichroism (CD) spectra of transferred films with fluores-
cence, CD, and Fourier transform-IR (FTIR) vesicle exper-
iments to study conformational changes upon the insertion
of melittin into saturated PCs and phosphatidic acid. An
increase in the a-helical content was observed upon peptide
insertion into mixed lipid systems.
One drawback with previous monolayer studies involving
melittin is the absence of direct molecular structure infor-
mation from the film in situ at the A/W interface, thus
precluding determination of structural parameters such as
lipid acyl chain configuration and peptide secondary struc-
ture. To address these issues, the current investigation
reports in situ (at the A/W interface) infrared external
reflection-absorption spectroscopy (IRRAS) studies from
monolayers of 1,2-dipalmitoylphosphatidylcholine (DPPC)
and 1,2-dipalmitoylphosphatidylserine (DPPS) before and
after melittin adsorption. Recent advances from this labo-
ratory (Flach et al., 1994; Pastrana-Rios et al., 1996) and
others (Cornut et al., 1995; Pezolet and Labrecque, 1995) in
IRRAS instrumentation provide the opportunity to detect
vibrational modes from both the lipid and protein compo-
nents of the film in situ at the A/W interface, under condi-
tions of controlled surface pressure.
MATERIALS AND METHODS
Materials
DPPC, DPPS, and acyl chain perdeuterated DPPC (DPPC-d62) were ob-
tained from Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Melittin was synthesized by solid phase methods. The peptide
sequence is Gly-lle-Gly-Ala-Val5-Leu-Lys-Val-Leu-Thrl°-Thr-Gly-Leu-
Pro-Ala' 5-Leu-Ile-Ser-Trp-Ile20-Lys-Arg-Lys-Arg-Gln25-Gln-NH2.
EGTA (97% pure) and D20 (99.9%) were purchased from Sigma
Chemical Co. Double-distilled H20 was used, and all other salts, buffers,
and solvents were of the highest purity commercially available.
Experimental methods
Phospholipid samples were prepared by dissolving appropriate weights of
the powdered lipids in a CHCl3:MeOH (3:2, v:v) solution while stirring
and gently warming, as needed. Melittin was dissolved (-1.0 mg/ml) in
Tris(hydroxymethyl)-aminomethane hydrochloride buffer (10 mM Tris,
100 mM NaCl, 0.1 mM EGTA, pH -7.4) solution.
Before use, all components of the surface balance in contact with the
sample were cleaned by soaking for 15 min in a chromic acid solution
(Chromerge; Fisher Scientific, Fairlawn, NJ) and exhaustively rinsed with
double-distilled H2O. The Pt Wilhelmy plate was roughened with sandpa-
per, rinsed, and flamed. The cleanliness of the surface balance and sub-
phase were ensured before IRRAS measurements by cycling through the
full range of surface area and aspirating the surface while at minimum
surface area. When a constant surface tension value of 72 ± 1 mN/m was
observed over the entire surface area range, prepared solutions were laid on
the surface.
For all experiments, the trough was filled with a Tris buffer subphase
(pH -7.4 or in D20, pD -7.4), and monolayers of DPPC, DPPC-d62, or
DPPS (usually - 15 ,Al of a 0.5 ,ug/,ul solution) were spread on the surface.
After allowing for solvent evaporation, films were compressed until the
desired surface pressure was achieved. Before the melittin adsorption
experiments, IRRAS spectra were acquired during the intermittent com-
pression of a pure DPPC monolayer. Surface pressure was held constant as
each spectrum was obtained. For the melittin adsorption experiments,
phospholipid films were compressed until the desired surface pressure
(either 10 or 20 mN/m) was achieved. Surface area was held constant
throughout the remainder of the experiment. IRRAS spectra of the phos-
pholipid monolayers were then acquired. The appropriate amount of melit-
tin solution (usually -50 l.l) was injected into the subphase, using a
long-needle syringe to pierce the monolayer at various points in the trough.
Changes in surface pressure were monitored until a constant value was
reached, and then additional time (--15 min) was allowed before IRRAS
data collection. Experiments were conducted at room temperature.
IRRAS apparatus
The spectrometer used was a BioRad (Digilab) FTS 40A spectrometer
(Cambridge, MA) equipped with an external narrow-band mercury-cadmi-
um-telluride detector. Interferograms were collected at 4 cm- ' resolution
at an angle of incidence centered at 45° (beam spread ±4°), apodized with
a triangular function, and Fourier-transformed with one level of zero-filling
to produce spectral data encoded at 2 cm- 1 intervals. For the pure DPPC
monolayer, 512 scans were co-added to produce IRRAS spectra. For the
melittin adsorption experiments, the trough shuttle system was used (Flach
et al., 1994), where a total of 128 scans were co-added in two cycles of 64
scans each, with sample and reference wells being aligned in the IR beam
in an alternating fashion. A macro program written on the BioRad 3200
data station allowed for successive co-addition of scans to preexisting
interferogram files. A delay time of 20 s between trough rotation and data
acquisition was visually found to be necessary to stop motion and to
smooth the surface. For a full description of the external optical compo-
nents and miniaturized trough system, the reader is referred to Flach et al.
(1993b, 1994).
When necessary, residual water vapor rotation-vibration bands were
subtracted using an appropriate reference spectrum and manufacturer-
supplied software. Data were transferred to a microcomputer, and further
manipulation was performed using software written at the National Re-
search Council of Canada. Baselines were flattened before frequency
determination with a center of gravity routine.
RESULTS
IRRAS of DPPC
Typical IRRAS spectra of the CH2 stretching region for a
DPPC monolayer at various surface pressures are overlaid
in Fig. 1. The symmetric and asymmetric CH2 (vsymCH2
and vasynCH2) stretching modes are observed at -2850 and
-2920 cm-', respectively, along with the asymmetric
methyl stretch at -2960 cm-'. Increasing ir leads to in-
creased reflection absorption (RA) intensity. The spectrum
with the weakest bands was acquired at a Ir of -4 mN/m;
the RA intensity of vasyinCH2 was -1 milliabsorbance unit
(mAU). ff was held at 47 mN/m during collection of the
spectrum with the most intense bands; the RA of vasymCH2
is -5 mAU. The increase in RA is predominantly due to an
increase in the number of molecules in the IR beam; how-
ever, the RA of the CH2 stretching modes is also sensitive
to acyl chain orientation. A decrease in the average tilt angle
of the acyl chains with respect to the surface normal results
in an increase in the RA (Mendelsohn et al., 1995).
Downward shifts in wavenumber for the CH2 stretching
vibrations are evident as 7r increases, indicative of acyl
chain gauche to trans isomerization (Snyder et al., 1982).
VasymCH2 is observed at 2923 cm-1 and at 2917 cm-' for
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FIGURE 1 Overlaid IRRAS spectra of the methylene stretching region
obtained during the intermittent compression of a DPPC monolayer on a
buffered H20 subphase (pH -7.4). Data are plotted as -log (RIR.), where
R is the single-beam reflectivity spectrum from the film-covered surface
and Ro is the same from the clean water surface. Surface pressure ranges
from 4 to 47 mN/m from the least to most intense bands, respectively, at
a pressure interval of -5 mN/m. Vertical lines are drawn to emphasize the
frequency downshift upon monolayer compression. Spectra are baseline
corrected.
the lowest and highest surface pressures, respectively. The
shift in frequency, typically used as a qualitative marker of
acyl chain conformational order, indicates an increase in
order with increasing ir. This is consistent with previously
reported IRRAS results that have been correlated with lipid
phase transitions (Hunt et al., 1989).
IRRAS of DPPC/melittin and DPPS/melittin
Fig. 2 A and B, displays the vasYmCH2 and v.symCH2 regions
of the IRRAS spectra for DPPC and DPPS monolayers,
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FIGURE 2 IRRAS spectra of the methylene stretching region for (A)
DPPC and (B) DPPS monolayers on a buffered H20 subphase before (solid
line) and after (dashed line) melittin injection into the subphase. Spectra
have been baseline corrected.
respectively, preceding and subsequent to melittin injection
into a Tris buffer subphase. The difference in the response
of the two lipids to peptide insertion is striking. Before the
injection of melittin, the initial surface pressure (wi) for both
monolayers was - 10 mN/m. Upon addition of the same
quantity of melittin to each subphase, the surface pressure
was observed to increase rapidly (<2 min) to a final surface
pressure (iirf) of 25 mN/m for the DPPC and to 37 mN/m for
the DPPS monolayers. In response to peptide insertion,
VasymCH2 of the DPPC monolayer is found to decrease by
1.3 cm-', whereas the same vibrational mode increases by
0.5 cm-1 for the DPPS monolayer (Table 1). The full width
of this band at half-height (FWHH) decreases for DPPC,
whereas an increase of comparable magnitude is observed
for DPPS. Furthermore, the intensity of this mode increases
for DPPC by 0.5 mAU (-20%) and decreases by 1 mAU
(-25%) for DPPS upon melittin injection. Similar results
are observed for vsymCH2.
IRRAS of DPPC-d62lmelittin
At a surface pressure of 10 mN/m, DPPC exists in a two-
phase liquid expanded (disordered)/liquid condensed (more
ordered) coexistence region, whereas DPPS is found in a
liquid condensed or solid state (both substantially ordered),
as determined by i-molecular area isotherms and IRRAS
methylene stretching mode frequency shifts (Hunt et al.,
1989; Flach et al., 1993a). To compare the response to
melittin insertion of lipids initially in the same state, an acyl
chain perdeuterated DPPC-d62 monolayer was spread and
compressed to
-ri of 20 mN/m (liquid condensed or solid
state) before injection of the peptide into the subphase. The
results are compared to those for a DPPC-d62 monolayer at
a wi of 10 mN/m and to a DPPS monolayer in the same
physical state (Table 1). The supply of synthetic melittin
was limited; thus substitution of DPPC for DPPC-d62 was
undertaken so that these experimental results could be used
as reference data for future studies of mixed monolayer
films.
TABLE 1 Surface pressure and CH2 (CD2) asymmetric
stretching band parameters in the presence and absence of
subphase melittin
Surface
Melittin pressure Frequency FWHH RA
Lipid (P/A) (mN/m) (cm- 1) (cm- 1) (mAU)
DPPC A 9 2919.5 19.3 -2.1
DPPC P 25 2918.2 16.4 -2.6
DPPS A 10 2917.8 15.9 -3.8
DPPS P 37 2918.3 19.3 -2.8
DPPC-d62 A 10 2196.1 18.3 -0.6
DPPC-d62 P 27 2194.4 17.3 -0.7
DPPC-d62 A 20 2194.0 24.9 -1.2
DPPC-d62 P 29 2193.6 22.7 -1.2
RA, reflection absorption intensity, i.e., -log RIR,?; P, presence of sub-
phase melittin; A, absence of subphase melittin.
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Fig. 3, A and B, displays the CD2 asymmetric and sym-
metric stretching regions (vsymCD2 and vasymCD2) for
DPPC-d62 monolayers at a wi of 10 mN/m on a D20
subphase and at a iTi of 20 mN/m on an H20 subphase,
respectively. Before melittin injection, vasymCD2 of the
monolayer at a ii of 20 mN/m is observed at 2194.0 cm-',
indicating substantially more order than the frequency
(2196.1 cm-1) noted for this monolayer at wri of 10 mN/m.
When melittin is injected into the subphase of the DPPC-d62
monolayer at the lower wi, the pressure increase to lTf of 27
mN/m is very rapid (less than 1 min). In contrast, the
increase in pressure from 20 to 29 mN/m required 5-10 min.
The marked difference in the time course of the pressure
changes for the two monolayers reflects the difference in the
surface area available to the peptide in the two distinct
physical states. At iT of 10 mN/m, the presence of liquid
expanded domains mixed among regions of a more con-
densed state allows for more rapid adsorption of the peptide
compared to hindered adsorption induced by tighter lipid
packing at a iri of 20 mN/m.
The presence of melittin induced an ordering effect on the
PC acyl chains for both surface pressures, as indicated by
decreases in vasymCD2. The magnitude of the change, how-
ever, was much greater for DPPC-d62 at a iru of 10 mN/m
(-40% of the available range) than at a 7ri of 20 mN/m
(-10%). Upon melittin injection, an increase was observed
in the RA of vasymCD2 for the monolayer at lower initial
pressure, whereas the RA remained approximately the same
for the higher pressure. It is of interest to note that the PC
in the presence of melittin at a pressure of 27 mN/m is
slightly less ordered than the PC in the absence of melittin
at a lower pressure of 20 mN/m, indicating that an increase
in pressure by compression may be more effective in order-
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FIGURE 3 IRRAS spectra of the CD2 stretching region for DPPC-d62
monolayers on (A) a D20 buffer subphase at an initial surface pressure of
10 mN/m and (B) an H20 buffer subphase at an initial pressure of 20
mN/m. Spectra are shown before (solid line) and after (dashed line)
melittin injection. Water vapor absorbance bands are evident in the low
wavenumber region of (B). Spectra have been baseline corrected.
ing the acyl chains than the interaction of the monolayer
with the peptide. This in turn suggests that a non-uniform
surface may be presented to the lipid by the peptide, pos-
sibly permitting the formation of gauche rotations in the
lipid acyl chains at the peptide/lipid interface.
A comparison of the IRRAS results for the DPPS and the
DPPC-d62 (wi = 20 miN/m) monolayers, both initially in a
similar state of order, permits speculation concerning the
effects of the lipid headgroup on the insertion properties of
melittin. The anionic lipid monolayer undergoes a much
greater increase in pressure than the zwitterionic monolayer
upon melittin injection. Frequency changes of about the
same magnitude are observed for both monolayers, but
occur in opposite directions. The magnitude of the RA is
observed to decrease upon peptide insertion for the PS
monolayer but remains unchanged for the DPPC-d62 film.
Melittin secondary structure
Fig. 4, A and B, displays the lipid carbonyl (--1730 cm- 1),
and peptide amide I (1680-1600 cm-') and II (-1550
cm- ) regions of the IRRAS spectrum for melittin adsorbed
to DPPS (ri = 10 mN/m) before and after water vapor
subtraction, respectively. Although a D20-based subphase
was used, sharp water vapor bands (arising from both H20
and HDO rotation-vibration bands) are pervasive through-
out the spectrum in Fig. 4 A. Subtraction of water vapor is
found to significantly reduce the interference without sub-
stantial modification to band position (Fig. 4 B). The amide
A
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FIGURE 4 IRRAS spectra of the lipid carbonyl and amide I and II
regions for the peptide melittin adsorbed to DPPS. (A) Original spectrum;
(B) spectrum after water vapor was subtracted. The Xr after peptide adsorp-
tion was 37 mN/m. Spectra have been baseline corrected.
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I (I') band for the melittin/DPPS monolayer occurs at a
frequency of -1635 cm-1 with an intensity of -2 mAU,
whereas for a melittin/DPPC-d62 monolayer a frequency
of -1638 cm-' with a RA of --1 mAU is measured (Fig.
5). The larger RA value for the peptide adsorbed to the
DPPS monolayer is consistent with the larger increase in
surface pressure for this monolayer in the presence of pro-
tein when compared to either of the two PC monolayers at
a ri of 10 mN/m. The FWHH for the amide I band of
melittin adsorbed to either the PS or PC monolayer is
measured at -43 cm-1. Amide II bands are also present for
both monolayers, indicating that H-*D exchange is incom-
plete. An accurate determination of the frequency and in-
tensity of the residual amide II is difficult because these are
overlaid with sharp water vapor bands.
The lipid:peptide molar ratio for the DPPS monolayer is
estimated at -4 or 5 to 1 for the A/W interface, based on a
comparison of the ratio of lipid carbonyl to amide I (I') band
intensities for the present monolayer and previously re-
ported attenuated total reflectance IR (ATR-IR) studies
(Brauner et al., 1987). The estimate must be considered with
caution, however, as differences in extinction coefficients
and orientation will affect intensities.
DISCUSSION
Before developments in IRRAS technology, it had been
necessary to rely on techniques that provide no direct mo-
lecular structure information about the monolayer compo-
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FIGURE 5 IRRAS spectra of the amide I and II regions for the peptide
melittin adsorbed to DPPC. (A) Original spectrum; (B) spectrum after water
vapor was subtracted. The XT after peptide adsorption was 27 mN/m.
Spectra have been baseline corrected.
nents upon protein insertion. Together with bulk phase
studies, the approaches summarized in the introduction have
provided some insight into possible mechanisms of interac-
tion. However, results from CD and ATR-IR studies of
transferred films must be considered with caution, in light of
possible artifacts arising from film transfer from the A/W
interface to solid substrates. The current experiments dem-
onstrate the power of IRRAS to yield important structural
information from monolayer components. Two results will
be discussed in turn. First the effect of peptide on lipid
monolayer organization will be considered. Second, the
observation of a changed melittin secondary structure in
lipid monolayers as compared to bilayers or multibilayers
will be discussed.
Effects of melittin on lipid conformational order
Changes in 7r resulting from injection of a protein or peptide
into the subphase are indicative of an interaction between
the monolayer and the protein. Increases in 7r are assumed
to result from protein penetration into the monolayer (Jones
and Chapman, 1995). In the current experiments, increases
in surface pressure were observed for both the DPPC and
DPPS monolayers. The larger increase in surface pressure
for the DPPS monolayer suggests a greater affinity of melit-
tin for the anionic DPPS compared to the zwitterionic
DPPC. Furthermore, the peptide induces only a small in-
crease in the conformational order of the acyl chains in the
DPPC-d62 monolayer at ri of 20 mN/m, whereas the RA
remains constant. When the PS and PC-d62 are both initially
in relatively ordered states, melittin is observed to have a
much greater effect on the PS monolayer. Both of these
observations thus suggest an electrostatic component in
melittin binding to membranes, consistent with some pre-
vious bulk phase (Batenburg et al., 1987b; Dempsey et al.,
1989; Dufourc et al., 1986) and monolayer (Birdi and
Gevod, 1987) studies, but in contradiction to the work of
Ohki et al. (1994).
Hydrophobic interactions, thought to play a large role in
the membrane lytic activity of melittin (Lafleur et al., 1989;
Weaver et al., 1992), can be monitored through peptide-
induced alterations of the lipid acyl chain CH2 stretching
frequencies. Changes in the spectral parameters of the acyl
chain methylene vibrations are summarized in Table 1. The
frequency shifts in the asymmetric stretching mode indicate
that melittin induces gauche to trans isomerization, i.e., acyl
chain conformational ordering, of the DPPC and disorder-
ing of the DPPS monolayers. Similarly, changes in the
bandwidth, considered to be primarily sensitive to acyl
chain mobility (Mendelsohn et al., 1981), indicate de-
creased motional rates for DPPC and increased motional
rates for the DPPS acyl chains upon melittin adsorption.
Throughout the experiment, the number of lipid mole-
cules per unit area on the surface exposed to the IR radiation
and thus giving rise to the IRRAS intensity is constant.
Upon peptide adsorption, changes in RA values therefore
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arise only from changes in conformation and/or molecular
orientation. The extent of conformational change is quali-
tatively monitored from the shifts in methylene stretching
frequencies, while the dependence of the intensity on tilt
angle of an ordered chain is such that a decrease in acyl
chain tilt angle (toward the surface normal) results in an
increase in the RA. For DPPC monolayers at ii of 10
mN/m, the wavenumbers of the peptide-free film imply the
presence of substantial chain disorder, whereas upon melit-
tin insertion the peptide becomes rather highly ordered. It is
difficult to distinguish between the fraction of the increase
in RA due to the conformational ordering as revealed by the
frequency decrease, and that due to a decrease in the aver-
age tilt angle of the chains.
For melittin adsorbed to the DPPS monolayer, although
the frequency increase is slight (0.5 cm-1) in this instance,
a simple two-state model shows that it may nevertheless
reflect a substantial decrease in conformational order, as
calculated by Dluhy et al. (1983). We therefore again refrain
from quantitative analysis of the intensity changes.
For the DPPC monolayers, an increase in conformational
order is accompanied by a decrease in acyl chain rate
motion as reflected in the decreased linewidth, similar to
that occurring when a bulk-phase lipid dispersion is cooled
through the liquid crystal -> gel phase transition. For DPPS
monolayers, melittin induces a decrease in conformational
order and an increase in acyl chain motion, similar to the
effects taking place when a lipid dispersion is heated.
Differing results are obtained when bulk, fluid-phase PC
systems are compared with monolayers in the liquid ex-
panded/liquid condensed (LE/LC) state. Melittin-induced
acyl chain disordering is observed in the bulk phase
(Brauner et al., 1987; Weaver et al., 1992), whereas the acyl
chains in the monolayer display conformational ordering.
The reason for the difference may be the presence of do-
mains in the monolayer, where the peptide has the potential
to selectively interact with the LE phase. This would lead to
a reduction in the available area per DPPC molecule, cre-
ating more of the LC phase, consistent with both the de-
crease in frequency of vasymCH2 and the increase in WT.
Surface pressure measurements and the RA values for the
peptide suggest a greater degree of melittin insertion and
interaction with the DPPS monolayer. This is consistent
with tryptophan fluorescence studies on cardiolipin (nega-
tively charged) versus phosphatidylcholine bulk phase sys-
tems (Batenburg et al., 1987a).
Melittin secondary structure in monolayer films
The observed amide I vibrational frequencies (-1638 cm-'
and --1635 cm ') for the adsorbed peptide in mixed films
with DPPC and DPPS, respectively, are far too low to arise
from the predominantly a-helical secondary structure
known to occur in bulk and multibilayer phases. An unex-
changed a-helical amide I mode normally appears as a
sharp feature (full width at half height 15-25 cm- ) near
1655 cm-l and is shifted down by as much as 12 cm-l
upon complete H->D exchange, with an accompanying
increase in bandwidth (40-50 cm-1) (Flach et al., 1994;
Zhang et al., 1992; Frey and Tamm, 1991). Also upon
complete H->D exchange, the amide II frequency (1530-
1550 cm-l) is shifted into the 1450-1465 cm-' range
(Miyazawa et al., 1958).
Table 2 provides a summary of previously reported amide
I (I') frequencies for melittin in various environments. In
accord with the above, Brauner et al. (1987) have observed
an unexchanged melittin helical frequency of 1656 cm- 1
upon its interaction with bilayers, whereas Frey and Tamm
(1991) observed a frequency of 1645 cm- 1 for melittin as a
fully exchanged a-helix. Although random coil secondary
structures may absorb IR radiation in the same spectral
TABLE 2 Summary of published melittin amide I (I') frequencies
Bulk Amide I v
Sample Physical state phase Method (cm-l) Amide II
DPPS:melittin Monolayer D20 IRRAS 1635 Pt
(-5:1)* iTr = 10 mN/m
DMPC/DMPA Vesicles at 450 D20 FTIR 1651 Not shown
(8/2):melittin 1637 (sh)q
(40: 1)§
POPC/POPG Single supported D20 ATR-FTIR 1645 A
(4: 1):melittin1l planar bilayer
DPPC:melittin Dry multilayer film NA ATR-FTIR 1656 P
(10:1)** 1685 (sh)
* Current study.
P and A represent present and absent, respectively.
§ Sui et al. (1994).
¶ sh represents shoulder.
Frey and Tamm, (1991).
** Brauner et al., (1987).
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regions as the a-helix, Frey and Tamm's (1991) polarized
IR study and calculated order parameter reveal substantial
peptide orientation (highly unlikely for a random coil) and
thus support the presence of helical structure in the ex-
changed peptide. Zhang et al. (1992) have also reported the
IR spectrum of a synthetic peptide with a fully exchanged
helical structure possessing an amide I' absorbance band
near 1644 cm-l. Thus, in the current case the observed
frequency reduction in D20 of -21 cm-' (from the helical
position of 1656 cm-' in H20 to 1635 cm-) is clearly too
large in magnitude to arise from an exchanged a-helix and
implies that a different conformation is present in the mono-
layer. In addition, the presence of substantial residual amide
II intensity near 1550 cm-' for the peptide in both mono-
layers (Fig. 5) indicates incomplete H->D exchange, which
would lead to an amide I frequency decrease of substantially
less than 12 cm- l for a helical peptide. Finally, comparison
of current relative amide I/MI intensities with prior ATR
results reported for unexchanged peptide (Brauner et al.,
1987) reveals that <-25% exchange has taken place at the
air/D20 interface. To summarize: the absence of significant
exchange, together with the observed amide I frequency and
bandwidth, strongly suggests that in the presence of both
DPPC and DPPS monolayers on a D20 subphase, the sec-
ondary structure of melittin is altered from a predominantly
a-helical motif.
It is difficult to ascertain the new secondary structure
precisely. Antiparallel ,3-sheets have their amide I band split
into a doublet, with a strong component near 1630 and a
much weaker band near 1680 cm-'. The current IRRAS
data suggest that part of the observed contour may arise
from the low-frequency component of the /3-sheet amide I
mode, with the weaker high-frequency component obscured
in the spectral background. In addition, contributions from
turns and unordered or extended forms are certainly plau-
sible in the 1630-1640 cm-' region (Susi and Byler, 1983).
The possibility of unordered forms is potentially relevant to
the insertion process, because melittin in monomeric form
(low concentration) in aqueous solution is indeed unordered
(Dempsey, 1990). Because tetrameric melittin is a-helical,
it is tempting to infer from the current work that melittin
inserted into PC and PS monolayers is at least partially
monomeric. In any case, the amide I bandwidth suggests
that more than one conformation is present.
Sui et al. (1994) observed (figure 4 in their study) the
bulk phase spectrum of melittin in mixed dimyristoyl-PC
(DMPC)/DMPA vesicles (D20-based buffer) at 45°C. A
substantial shoulder appeared at 1637 cm-', in addition to
the main a-helical component of the amide I near 1651
cm-'. Although they did not comment on this feature, it is
consistent with the presence of more than one conformation.
The current IRRAS result marks the first direct detection at
the A/W interface of a well-defined changed conformation
for a peptide inserted into a lipid monolayer compared with
its insertion into vesicles.
Dempsey et al. (1989) report that in mixed bulk-phase
systems, PS stabilizes PC bilayers with respect to the melit-
tin-induced formation of smaller structures, whereas other
studies support the induction of peptide-free PC domains
(Lafleur et al., 1989). The current monolayer results support
the position that the presence of PS offsets the effect that
melittin has on PC; i.e., the former induces conformational
disordering, the latter substantial conformational ordering.
The general issue of peptide-induced phase separation in
mixed lipid systems is of interest. To address these and
other topics pertinent to the mechanisms of melittin-induced
membrane lysis, future IRRAS studies with improved tem-
perature control and water vapor compensation are likely to
be useful.
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